mation on the protein is to divide it into smaller regions that are amenable to study in solution by NMR. The polypeptide chain of polytopic integral membrane proteins can be considered as being located in two distinct environments: the membrane spanning segments within the lipid bilayer and the surface loops. In principle, if the structure of each of these regions can be determined separately, they can be combined to yield an integrated model for the structure of the protein. Recent work with fragments of integral proteins suggest that both the transmembrane segments (see for example [12, 16] ) and the surface loops [ 17,181 can fold independently. We have examined the structure of synthetic peptides representing individual transmembrane segments and surface loops of band 3, and our progress with this approach is reported in this paper.
Structure of the first membrane span of normal band 3 and a natural deletion mutant of band 3
We have examined the structure of the region from Arg-389 to Lys-430 of normal band 3 and compared it with the structure of the corresponding region containing the deletion of residues 400-408 found in the mutant band 3 which gives rise to southeast Asian ovalocytosis (SAO) (E. J. Chambers, G. B. Bloomberg, S. M. Ring and M. J. A. Tanner, unpublished work).
Hydropathy analysis predicts that this region spans the membrane and this is supported by experimental evidence. The N-terminal side of this sequence is located in the cytoplasm and is susceptible to proteolysis at Tyr-358 and Lys-359 by intracellular chymotrypsin and trypsin respectively [20] . The C-terminal end of this sequence is accessible from the exofacial side of the membrane, since Lys-430 can be modified from the extracellular surface by reductive methylation [Zl] or eosin maleimide [ZZ] . amidated C-terminus to mimic more closely a peptide within a larger polypeptide sequence and to avoid the introduction of charges at the termini. The leucine, alanine and glycine residues in the peptide were incorporated using "N amino acids. NMR studies were carried out in chloroform/methanol solution. These studies showed the presence of characteristic NOESY crosspeaks consistent with three regions of helical structure, Pro-3 to Ala-12, Pro-15 to Ala-28 and a short helix extending from Ser-30 to Phe-35. The chemical shift indices (CSI) of the Ca protons in these regions were negative, consistent with their presence in a helix [23] . The region from Gly-36 to the C-terminus of the peptide showed little evidence of structure. Amide exchange experiments were carried out on B3M1 in deuterated solvents to detect backbone amide hydrogens which are involved in hydrogen bonds. These experiments showed that slow amide exchange occurred from Gln-16 to Ala-28 and from Ile-33 to Phe-35, indicating the presence of stable helical secondary structure in these regions. In contrast, the N-terminal helix between Pro-3 and Ala-12 showed fast amide exchange, suggesting that although this helix is stable on the NMR time scale, it is not stable on the time scale of the deuterium exchange experiments.
An ensemble of structures was generated by incorporating the NMR constraints into XPLOR [24] . The ensemble of structures showed the presence of three structured regions clearlytwo helices extending from Pro-3 to Ala-12 and Gln-16 to Ala-28, separated by a sharp bend at Pro-15, and a short helix between Ser-30 and Phe-35. The regions around Pro-15 and Leu-29 were flexible.
T h e ability of this region of the protein to incorporate into membranes has been examined by cell-free translation of cRNA encoding residues 1-432 of band 3 in the presence of microsomes, the membrane-associated portion of which corresponds closely to the peptide B3M1 [25] . This fragment was found to integrate stably into microsomal membranes in an alkali-resistant fashion, suggesting that it spans the membrane as it does in the intact protein. The NMRderived structure in organic solvent is consistent with the region between Pro-15 and Ala-28 (14 residues) forming the first membrane spanning helix, during the biosynthesis of the protein in the endoplasmic reticulum. The relatively thin lipid bilayer of the endoplasmic reticulum and Golgi apparatus can be spanned by a 15 residue hydrophobic sequence while the thicker plasma membrane bilayer requires a 20 residue hydrophobic sequence to span it [26, 27] .
It should be noted that the first membrane spans of polytopic plasma membrane proteins may need to have particular conformational plasticity to suit the different environments during the biosynthesis of the protein in the endoplasmic reticulum, and when located in the native protein in the plasma membrane. During biosynthesis in the endoplasmic reticulum the first membrane span is likely to be at least transiently exposed to the lipid in a thin lipid bilayer. In the native protein in the plasma membrane the sequence is located in a thick lipid bilayer and may be entirely shielded from the lipid bilayer by interactions with portions of the polypeptide in the other 11 or more spans of the protein. Recent studies on red cell band 3 in alkali-treated membranes have demonstrated proteolytic cleavages at sites corresponding to Ile-22, Phe-23, and Phe-26 of B3M1, and release of these fragments in soluble form from the membrane. This suggests that this portion of the sequence is not exposed to the lipid bilayer, but may interact extensively with other portions of the polypeptide chain in the mature protein [28] .
517
Structure of the SAO first transmembrane span peptide SAO is caused by the heterozygous presence of an abnormal band 3 which has a deletion of nine amino acids (residues 400-408) at the boundary between the N-terminal cytoplasmic domain and the first membrane span (reviewed in [7, 15] ). SAO is prevalent in areas where malaria is endemic [29] , and the condition confers some protection against cerebral malaria. SAO red cells have altered mechanical properties and are much more rigid than normal red cells [30, 31] . Band 3 SAO protein is inactive in anion transport and does not bind the anion transport inhibitor, di-isothiocyanato-dihydrostilbene disulphonate (HZDIDS) either irreversibly or reversibly [32-341. T h e SAO deletion occurs in the region which constitutes the signal sequence for insertion of band 3 into the membrane, and this probably results in the misassembly of the band 3 membrane domain. The deletion results in the loss of Pro-403 of normal band 3 (which corresponds to Pro-15 of B3M1) in the centre of the deleted region of nine amino acids.
We prepared thz peptide corresponding to B3M1, but containing the SAO deletion (SAOMl, Figure l ) , and examined its structure in organic solvent using NMR. Examination of the nuclear Overhauser effect connectivities suggested there was little difference in the structures of the C-terminal portions of SAOMl and B3M1 (over the region corresponding to Val-21 to Lys-42 of B3M1). Two helices were present in SAOMl, extending from Pro-3 to Ala-19 and Ser-21 to Phe-26. Amide exchange experiments showed that the main-chain Emide groups of Leu-6 to Ala-19 and Ile-24 to Phe-26 exchanged very slowly, suggesting that these residues were in stable helical regions. The nine amino acid SAO deletion results in the formation of a stable helix in the N-terminal portion of SAOM1, in contrast with the unstable N-terminal helix of B3M1 which extends from Pro-3 to Ala-12. The ensemble of structures for SAOM1 showed the presence of a long helix between Pro-3 and Ala-19 followed by a short helix between Ser-21 and Phe-26, with a flexible region at Leu-20. T h e long helix is bent because of its amphipathic nature [35] , as the polar residues Ser-7, Asp-8, Thr-10 and Asp-1 1 all reside on the same face of this helix. The effect of the SAO deletion is to bring these polar residues into the stable helical extension in the N-terminal portion of SAOMI.
We examined the ability of this region of the SAO protein to insert into membranes by studying the ability of band 3 fragments produced by cell-free translation of cRNA to incorporate into microsomes. We compared the membrane insertion of fragments containing the N-terminal portion of normal band 3, including the first membrane span of band 3 [described here as b3 (1), residues 1-4321, the N-terminal portion including the first three membrane spans of band 3 [denoted b3(1:3)], and the series of fragments b3(1:4), b3(1:5), b3(1:6), b3(1:7) and b3( 1:12), with the corresponding series of fragments containing the SAO deletion [SAO( l), SA0(1:3) etc.]. T h e biosynthesis of the SAO fragments was as efficient as that of the normal protein fragments, and the results showed that SA0(1:3) and the larger fragments were incorporated into microsomes and resisted alkalistripping in the same way as the corresponding normal band 3 fragments. However, in contrast with b3(1), little or no SAO(1) remained associated with the microsomes after alkali treatment. Thus the deletion in SAO( 1) causes it to lose the ability to integrate into the lipid bilayer of the endoplasmic reticulum. T h e ability of the larger SAO fragments (containing three or more membrane spans) to incorporate into membranes probably depends on the presence of the unaltered sequence in the second and third membrane spans, which direct the membrane integration of the C-terminal portion of the molecule in an apparently normal fashion. However, in these larger fragments, and the intact SAO protein, the region of the first transmembrane span is probably organized quite differently from the normal protein. This altered organization is likely to extend to the region of the second membrane span because of its location adjacent in the polypeptide sequence. Evidence that this is the case comes from the observation that SAO band 3 does not bind eosin maleimide [36] , so that the SAO lysine residue in the position equivalent to Lys-430 in the first extracellular loop of normal band 3 is no longer accessible to modification by the reagent. The SAO protein is cleaved by extracellular chymotrypsin and carries an N-glycan chain like normal band 3, suggesting that the topology of the protein is normal on the C-terminal side of membrane span 5. However, the loss of HzDIDS binding to SAO band 3 (HzDIDS binds to Lys-539 of normal band 3, located at the extracellular end of membrane span 5) suggests that the structural effects of the misassembly of the protein extend at least over the region of membrane spans 1-5. Two structural differences in the region of the SAO deletion may be responsible for the inability of the first membrane span of SAO band 3 to insert into the membrane. In normal band 3, the basic residues which usually lie at the cytoplasmic ends of membrane spans are located some distance from the point at which the polypeptide chain enters the membrane. Thus the three clustered arginines at residues 387-389 are separated by a relatively polar
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Membrane Protein Structure: the Domain Approach sequence of 14 amino acids from Pro-403, which starts the first transmembrane span. This polar sequence is highly conserved throughout the AE superfamily, suggesting that it may form a structural subdomain. The SAO deletion disrupts this subdomain and brings the polar residues Ser-395, Asp-396, Thr-398 and Asn-399 into the N-terminal portion of the stable helix. Although this is a 16 residue long helix, it contains only eight contiguous hydrophobic residues, and is probably too short to insert stably into the lipid bilayer.
Structure of a cytoplasmic loop of band 3
We have also examined the structure of a 46 amino acid synthetic peptide which represents residues 796-841 of band 3 ( Figure 2 ) (D. Askin, G. B. Bloomberg, E. J. Chambers and M. J. A. Tanner, unpublished work). This sequence corresponds to the cytoplasmic loop between membrane spans 12 and 13. CD studies showed that the peptide has 38% helicity in 30% trifluoroethanol. NMR studies were carried out in 30% trifluoroethanol-d3. Analysis of the nuclear Overhauser effect crosspeaks, and the derived ensemble of structures, suggested that the structure comprised two helices from Ile-8 to Leu-15, and from Val-27 to Leu-40, separated by a loop between Leu-16 and Asp-26. The junctions between the two helices and the loop were very flexible. It is not clear whether this loop is also mobile in tne native protein, or whether the packing of neighbouring loops makes this region more rigid. Rigid body motion of binding loops has been observed in proteins [38, 39] . Some long range nuclear Overhauser effects were detected between residues in the two helices. Mutagenesis studies on mouse band 3 have shown that residues equivalent to Lys-19, Lys-22, His-24 and His-39 are required for chloride transport [40] , and these authors suggest that these residues may form hydrogen bonds with the substrate anion. In the ensemble of structures the side chains of Lys-19, Lys-22 and His-24 are in close proximity, suggesting that such an arrangement of anion binding sites is possible. The low resolution three-dimensional map of the band 3 membrane domain [15] shows a protrusion measuring 25 A x 80 extending approximately 40w from the bilayer surface into the aqueous medium. It is likely that this protrusion contains both the large cytoplasmic loops and the cytoplasmic N-and C-terminal tails of the membrane domain. When the loop in the synthetic peptide is in the same plane as the two helices, the distance from the base of the helix at Ile-8 to the apex of the loop at Lys-22 is approximately 36w. Thus the peptide sequence in Figure 2 could be accommodated in the extramembranous protrusion in the three-dimensional map, and both the helices identified by NMR could be positioned outside the lipid bilayer. of Na' channels in the rod outer segment. T h e result is a hrperpolarization of the plasma membrane. Slow hydrolysis of the GTP by G, inactivates G,, which then recycles to recombine with the fly subunits to reform the heterotrimeric G protein.
Introduction
T h e transmembrane domain of all G protein-coupled receptors is postulated to consist of a bundle of seven hydrophobic transmembrane a-helices. In the case of rhodopsin, experimental evidence substantiates this postulation. CD measurements [ 11, primary sequence determination [2] and recently reported projection structures [3, 4] have shown the presence of seven transmembrane a-helices in rhodopsin clearly. 
